We present a pilot study of ∼ 3 resolution observations of low CO transitions with the Submillimeter Array in three nearby Seyfert galaxies, which are part of the low-luminosity quasi-stellar object (LLQSOs) sample consisting of 99 nearby (z = 0.06) type-1 active galactic nuclei (AGN) taken from the Hamburg/ESO quasi-stellar object (QSO) survey. Two sources were observed in 12 CO(2-1) and 13 CO(2-1) and the third in 12 CO(3-2) and HCO + (4-3). None of the sources is detected in continuum emission. More than 80% of the 12 CO detected molecular gas is concentrated within a diameter (FWHM) < 1.8 kpc.
Introduction
The strong correlations between the mass of a supermassive black hole (SMBH) and the host galaxy properties, such as luminosity or central stellar velocity dispersion (i.e., M BH -σ relation; Merritt & Ferrarese 2001; Tremaine et al. 2002; Ferrarese & Ford 2005) , provide evidence that stellar bulges of galaxies and their SMBH are built up by mechanisms that are closely linked and suggests a coevolutional scenario (e.g., Hopkins et al. 2008) . A balance of nuclear fueling and feedback, in which the relative fractions of inflowing gas consumed by nuclear star formation and accretion onto a black hole are roughly constant, can explain the correlations (Combes et al. 2009 ). However, the relevance of different feeding processes in decreasing angular momentum of the infalling material, the spatial scales they are working on, and their dependence on galaxy and active galactic nucleus (AGN) type is not fully understood (i.e., as due to kpc-perturbations/mergers vs. secular evolution; Hutchings & Neff 1992; Sanders et al. 1988; Kormendy & Kennicutt 2004; Schawinski et al. 2011; Kocevski et al. 2012; García-Burillo & Combes 2012; Storchi-Bergmann 2014) .
A detailed study of the gas content and its distribution in the host galaxies of AGN is essential for a deeper insight into the physical processes in the circumnuclear environment, e.g., the conditions for star formation and its properties (e.g., Helfer et al. 2003; Krips et al. 2007; Bigiel et al. 2008; Ford et al. 2013; Casasola et al. 2015) . The gas dynamics and kinematics of a galaxy population provide information about the mechanisms for nuclear fueling and, thus, help to improve fueling models. For example, central drops in gas/stellar velocity dispersion seem to go along with intense star formation activity and a more concentrated gas reservoir (r 500 pc), suggesting a dynamically cold (compared to the bulge) nuclear structure (e.g., a disk) to be an important fueling agent of nuclear activity (e.g., star formation and AGN; Falcón-Barroso et al. 2006; Hicks et al. 2013) . Identifying links between the observations, at different redshifts and different evolutionary scenarios, is crucial for understanding the evolution of galaxies. Cool molecular gas, the raw material for star formation, is traced best by low-J CO transitions. To characterize the gas excitation state and gas properties at high densities, higher CO transitions or high density tracers (e.g., HCN, HCO + ) and their isotopologues are necessary. These changes in interstellar medium (ISM) properties are already well traced by the R 10,21 = 12 CO/ 13 CO(1-0) or (2-1) and the r 31 = 12 CO(3-2)/(1-0) lumi- Notes.
(1) Values taken from NASA/IPAC Extragalactic Database (NED); (2) Keel (1996) ; (3) Kaldare et al. (2003) ; (4) Theureau et al. (2005) ; (5) Rao et al. (1992; X-ray variability) , Wang & Zhang (2007; optical lines) and Ryan et al. (2007; optical lines) ; (6)  optical/NIR lines and stellar velocity dispersion); (7) Wang & Zhang (2007; optical lines) ; (8) based on IRAS fluxes (NED) and formalism of Sanders & Mirabel (1996) for the 8-1000 micron range; (9) Bertram et al. (2007) and Krips et al. (2007) .
nosity ratio. While these ratios are low in galactic disks with R 10,21 ∼ 5 (e.g., Solomon et al. 1979 ) and r 31 ∼ 0.4 − 0.6 (Mauersberger et al. 1999; Israel 2005) , the values increase toward the centers of galaxies and can get as high as R 10 > 20 (i.e., turbulent and/or hot gas state; Devereux et al. 1994; Dumke et al. 2001; Muraoka et al. 2007; Papadopoulos et al. 2012b ) and r 31 1 (very warm, dense gas; Hüttemeister et al. 2000; Sakamoto et al. 2007; Aalto 2007; Aalto et al. 2010; Costagliola et al. 2011) in (ultra)luminous infrared galaxies ((U)LIRGs; i.e. LIRGs and ULIRGs). In addition to (U)LIRGs, high values of r 31 (up to 5) are also found in centers of normal galaxies, starbursts, and AGN (e.g., Devereux et al. 1994; Matsushita et al. 2004; Mao et al. 2010; Combes et al. 2013; García-Burillo et al. 2014) . The contribution of diffuse gas, as well as of higher excitation phases to the brightness of line emission, becomes important in starburst and (U)LIRGs. These phases have a significant impact on the gas mass estimate and are signs of enhanced star formation activity (e.g., Hinz & Rieke 2006; Papadopoulos et al. 2012a,b; Bolatto et al. 2013; Kamenetzky et al. 2014; Shetty et al. 2014) .
In this paper, we present a pilot study of CO emission in three galaxies (two in 12 CO(2-1) and 13 CO(2-1) and one in 12 CO(3-2) and HCO + (4-3) at a moderate angular resolution with the aim of probing the morphology, kinematics, and physical conditions of the ISM. The three galaxies are part of a large, representative sample of 99 nearby type-1 AGN from the Hamburg/ESO quasi-stellar object (QSO) survey (Wisotzki et al. 2000) with a redshift cutoff of z ≤ 0.06 (Bertram et al. 2007 ) so that nearinfrared (NIR) diagnostic lines for the stellar and gaseous content are still accessible (e.g., Gaffney et al. 1995; Fischer et al. 2006; . Because of their B J magnitudes around the traditional Seyfert/QSO demarcation (Koehler et al. 1997) , these sources are also called low-luminosity quasi-stellar objects (LLQSOs) to emphasize their transient nature.
The goal of the LLQSO sample is to explore the signatures of internal or external triggers of the (circum-) nuclear activity (i.e., star formation and accretion onto the SMBH) down to subkiloparsec scales, their importance in LLQSOs, and with this, the link of this population to local low-luminosity active galactic nuclei (LLAGN) and powerful QSOs at higher redshifts.
Observations of subsamples in 12 CO(1-0), (2-1) and H i ( Krips et al. 2007; Bertram et al. 2007; König et al. 2009 ), in the NIR (Fischer et al. 2006; , and in the optical Tremou et al. 2015) suggest that ongoing circumnuclear star formation plays an important, if not even dominant, role in the ISM characteristics and correlates with a large molecular gas reservoir. Judging by the activity level (e.g., B J magnitude) and the FIR and CO luminosities, these sources seem to mark a transition population between local Seyfert/nonactive galaxies and higher-z QSOs.
The three galaxies we discuss here belong to the most luminous galaxies in CO emission from our 12 CO tested subsample (Krips et al. 2007; Bertram et al. 2007) , which is why they were chosen for the follow-up observations. Their 12 CO(1-0) luminosities are larger than L CO = 0.9 × 10 9 K km s −1 pc 2 , implying that they are very rich in molecular gas with masses larger than M mol = 3.7 × 10 9 M . In Table 1 we list the molecular gas masses, including helium recalculated to standard cosmology with H 0 = 70, Ω M = 0.3 and Λ 0 = 0.7. Their IRAS-based IR luminosities (8 -1000µm) are located closely around the LIRG demarcation of L IR = 10 11 L . HE 0433-1028 and HE 1108-2813 have only been observed with single dish observations before (Bertram et al. 2007) . Their high 12 CO luminosities make them ideal candidates for interferometric follow-up studies with the Submillimeter Array (SMA, Ho et al. 2004) .
HE 0433-1028 is a barred Seyfert 1 galaxy (Kewley et al. 2001 ) at a redshift of z =0.03555 ± 0.00001 (Keel 1996) . On the one hand, it can be classified as a broad-line Seyfert 1 (BLS1) based on the Balmer line widths of more than 3000 km s −1 (Wang & Zhang 2007; Mullaney & Ward 2008) , and, on the other hand, it can be assigned to the group of narrow-line Seyfert 1 (NLS1) with regard to its [OIII]λ5007/Hβ line ratio (Ryan et al. 2007; Mullaney & Ward 2008) . The emission is dominated by the AGN component (Yuan et al. 2010) . Up to now the host morphology and properties have not been a subject of discussion in the literature.
HE 1029-1831 is a barred galaxy with two spiral arms and is located at a redshift of z = 0.04026 ± 0.00009 (Kaldare et al. 2003) . The AGN classification of HE 1029-1831 seems to be ambiguous: from the optical line ratio diagnostics, Kewley et al. (2001) determine that it ranges in the field between an H ii/borderline and an AGN/borderline galaxy. However, Nagao et al. (Fischer et al. 2006; Yuan et al. 2010; .
In , we find this galaxy to have circumnuclear ring with two intense, but decreasing starburst regions containing an intermediate-age stellar population of ∼ 100 Myr in age. This population is likely to lower the mass-to-light ratio so that the galaxy follows the M BH -M bulge relations but not the M BH -L bulge relations of inactive galaxies . Active star formation is also indicated by a FIR luminosity of Fischer et al. 2006) classifying it as a LIRG.
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(1) Number of antennas; (2) sideband containing the 12 CO emission line (given are lower sideband (left) and upper sideband (right) rms).
The H i gas mass is M H i = 6.6 × 10 9 M (König et al. 2009). The 12 CO emission extends along the optical bar and shows a strong velocity gradient perpendicular to this bar, which suggests a bar-driven inflow (IRAM, Plateau de Bure Interferometer (PdBI) and the Berkeley-Illinois-Maryland Association (BIMA) observatory data, Krips et al. 2007 ). The 12 CO (2-1)/(1-0) line ratio indicates that most of the molecular gas is cold and subthermally excited except from the southern part of the bar emission, which might correspond to the crossing point of the bar end with the spiral arm (Krips et al. 2007 ). The potential existence of warmer and denser gas in this region needs to be studied further.
HE 1108-2813 is a BLS1 galaxy with a redshift of z = 0.02401 ± 0.00004 (Theureau et al. 2005 ) and with Balmer broad line widths of about 5000 km s −1 (Kewley et al. 2001; Crenshaw et al. 2003; Wang & Zhang 2007) . Kollatschny & Fricke (1983) classify it as Seyfert 1.5 galaxy based on the Balmer line peak ratio of the broad and narrow line components. They find the nucleus to have a steep (negative) continuum slope toward the UV, corresponding to the absence of higher ionization lines (e.g., C iv, C ii]), on the one hand, but strong optical and UV Fe ii]) multiplets on the other.
The faint host (see, e.g., dominant AGN component; Yuan et al. 2010 ) is a barred and dusty grand design spiral galaxy (Deo et al. 2006 ) of Hubble type SBc/d ) and seems to be bulgeless (Orban de Xivry et al. 2011 ). The dust is mainly distributed in chaotic regions in the central kiloparsec and the bar, and in large scale lanes, along the leading edges of the bar and in the main spiral arms. Prominent star-forming regions are found along the bar edges (Deo et al. 2006) . The paper is structured as follows. The observational setup, calibration procedure, and mapping characteristics are described in Section 2. Section 3 covers the results from the observation, i.e., the CO emission spectra (3.1), CO fluxes, gas masses and sizes (3.2), a detailed discussion of the morphology and the kinematics (3.3) in all three galaxies, the dynamical mass estimate (3.4), and the dust properties (3.5). In Section 4, we assess the star formation properties. This is followed by a discussion of the properties of the interstellar matter based on the 12 CO/ 13 CO(2-1) and/or 12 CO J + 1 ≤ 3 line ratios and the morphology in Section 5. Section 6 summarizes the results of our study.
Observation and data reduction
The three sources were observed with the SMA in Hawaii in compact configuration between 2007 and 2008. The two 2 GHz sidebands were placed such that they cover the 12 CO(2-1) or (3-2) line transition, respectively, (see estimated rest frequencies in Table 2 ) in the one sideband and the weaker emission lines of 13 CO(2-1) or HCO + (4-3), respectively, in the other sideband to probe their fluxes. Each sideband contains 24 partially overlapping spectral windows with a bandwidth of 10 MHz. The spectral windows are subdivided into 128 channels with a resolution of 0.8125 MHz corresponding to 1.10 km s −1 at 222.6 GHz and 0.73 km s −1 at 332.4 GHz. HE 0433-1028 and HE 1029-1831 were observed for ∼ 2.5 hours in total and HE 1108-2813 was observed for ∼ 5 hours in total (see Table 2 ). The dish size of 6 m yields a field of view (FOV) of 56 at 222.6 GHz and 37 at 332.4 GHz. The spatial resolutions range from 1.5 to 4.5 (Table 2) . Our naturally weighted data cubes, with 256 × 256 pixels and a pixel scale of 0.2 pixel −1 , cover a velocity range from -200 to 200 km s −1 with a channel resolution of 5 km s −1 . The noise in these channels is less than 33 mJy at 12 CO(2-1) and 63 mJy at 12 CO(3-2) (see Table 5 ). The noise in the continuum is less than 1.5 mJy at 222 GHz and 3.9 mJy at 333 GHz (see Table 2 ). For the moment maps we clipped the HE 1108-2813 12 CO(2-1) data cube at 3σ rms-ch , and σ rms-ch is the channel rms noise σ rms-ch in Jy beam −1 . All other data cubes are clipped at 2σ rms-ch since they contain a significant flux contribution below a 3σ rms-ch level. The difference in the velocity-integrated flux integrated over the source size for a 2-and 3σ rms-ch -clipped cube is 10% for 12 CO and up to 40% for 13 CO. All maps are primary beam corrected. The upper flux limit of an undetected line (non-1 http://sma1.sma.hawaii.edu/smaoc.html (Ivison et al. 1996) . The upper limit of the continuum emission is given by three times the continuum noise level σ rms-cont . The error of the integrated flux within a given region depends on the zero level error and the noise error in the integrated area, ∆S tot = σ rms-int m √ 1/n + 1/m , with m and n as the integrated area and the rms probe area divided by the beam area (Klein & Emerson 1981; Andernach 1999) .
To obtain information on the gas distribution on smaller spatial scales, we weighted the visibilities for the 12 CO emission uniformly and applied a circular restoring beam. The beam size is given by the geometric average of the uniformly weighted beam axes. In the case of HE 1108-2813, it is given by the minor axis size of the uniformly weighted beam since we can assume the CLEAN components mimic the true brightness distribution very well as a result of the good SNR.
Results
12 CO emission is clearly detected in all sources, whereas 13 CO is tentatively detected in HE 0433-1028 and HE 1108-2813. HCO + line emission in HE 1029-1831 has not been detected. For the continuum emission in all three galaxies and the HCO + line emission in HE 1029-1831, we give upper limits. We refer to the moments 0, 1, and 2 of an image cube as the total/integrated flux, velocity field, and velocity dispersion, respectively.
CO emission spectra
We extracted spectra (Fig. 1 ) from a region of the size of the beam and centered on the peak of the integrated 12 CO emission. Although there are slight signs of skewness in the line profiles of all galaxies, and hints of a double horn profile in the case of HE 0433-1028, we chose to fit a Gaussian profile to obtain general characteristics of the 12 CO emission listed in Table 4 . Thus, the errors of the Gaussian parameters might be larger by a factor of 5 to 10, i.e., a redshift error of 0.0001. The found redshifts are consistent with literature ( 
CO fluxes, gas masses, and sizes
The integrated flux maps, velocity fields, velocity dispersion maps, and position-velocity (PV) diagrams of the 12 CO emission Fig. 1 . 12 CO spectra (solid black line) of the three sources obtained from a region with the size of the beam centered at the position of the integrated flux peak (velocity in LSR). The (green) arrows indicate the optical redshift from the literature (see Table 1 ). The parameters of the fitted Gaussian profile (solid red line) are given in Tables 4 and 5 . In addition, the 13 CO spectra of HE 0433-1028 and HE 1108-2813 from a beam-sized region at the position of the integrated 13 CO flux peak and a HCO + spectrum (nondetection) of HE 1029-1831 at the position of the integrated 12 CO flux peak are shown (gray dashed line). Notes.
(1) Offset relative phase tracking center. Table 5 . Source fluxes, line ratios, luminosities, and gas masses of the sources using the redshifts listed in Table 4 . Notes.
(1) Flux errors do not include the flux calibration error of 20% -30% and are based on image noise to demonstrate the data quality only; (2) based on single dish fluxes in Bertram et al. (2007) and corrected for source size and our cosmology;
(3) based on line ratio map of PdBI data (Krips et al. 2007 ) and our data in Fig. 6 ; (4) total molecular mass in this observation (including Helium via a factor of 1.36), covering a mass range corresponding to α CO = 0.8 -4.8 M (K km s −1 pc 2 ) −1 for ULIRG and Galactic mass conversion (Downes & Solomon 1998; Solomon & Barrett 1991). Table 6 . Source distances, sizes (deconvolved Gaussian FWHM), and fractions f Gauss of the total flux contained in a Gaussian of given size. of the three galaxies are shown in the Figures 2, 5, and 8. The 13 CO emission in HE 0433-1028 and HE 1108-2813 and the line luminosity ratios to the corresponding 12 CO emission are shown in Fig. 3 and 9, respectively. Figure 6 gives the line luminosity ratios of the three lowest 12 CO transitions in HE 1029-1831. The source size of the dominating 12 CO flux component are given in Table 6 , and the integrated fluxes of all in this work detected lines are given in Table 5 .
The positions of the integrated flux peak deviate from the phase tracking centers less than 0.5 (Table 4) , except for HE 0433-1028, whose peak is located ∼ 2 toward the southeast (Fig. 5) . The overall size of the emission regions of HE 0433-1028, HE 1029-1831, and HE 1108-2813 extend across ∼ 9 , 5 , 18 (= 6.4, 4.0, 8.7 kpc), respectively (see Figures 2, 5, and 8) . We fitted an elliptical Gaussian component to the dominating central emission region in the uv plane. They are listed in Table 6 : about 80 -95 % of the total flux is concentrated within a deconvolved source size of d FWHM 0.7 -1.8 kpc. For HE 0433-1028 and HE 1108-2813, we cannot constrain properly how much flux has been resolved out compared to the single dish observations of Bertram et al. (2007) , since the primary bars are larger than the 11.3 12 CO(2-1) beam of the IRAM 30m telescope and, for HE 0433-1028, even larger than the 22.7 12 CO(1-0) beam. It is possible that not all flux is detected by the single dish measurement. The bar sizes (major and minor axis) are estimated from optical images in Fig. 4 and 10 to be 29 × 13 and 17.5 × 6 , respectively. Furthermore, the emission is not homogeneous over the bar, but concentrated in the center. Hence, we construct a weighted source size based on the knowledge from the Gaussian component source fit in Table 6 θ 2 wgt-src
with θ bar 1,2 and d FWHM 1,2 denoting the major and minor axis of the bar and the fitted central component (Table 6 ). We expect the 12 CO(2-1) emission in HE 0433-1028 to trace cool gas and therefore to extend along the bar, similar to HE 1108-2813, but it is undetected because of the three times lower SNR. Therefore, we assume the same flux fraction f Gauss for the central component like in HE 1108-2813, i.e., 78% , in constrast to to our measurement. Applying the beam convolved source sizes θ 2 conv = θ 2 wgt-src + θ 2 beam and our cosmology to the IRAM 30m fluxes (Bertram et al. 2007 ), we find for HE 0433-1028 that 61% (37% for f Gauss = 1) of IRAM 30m 12 CO(2-1) flux is not detected by the SMA. As mentioned we cannot rule out a signif-icant sensitivity issue against the spatial filtering of diffuse gas. In the case of HE 1108-2813, 88% (103% for f Gauss = 1) of the flux is recovered by the SMA. In addition, the calibration errors (20 -30%) need to be kept in mind. For HE 1029-1831, we have no literature values for comparison of the 12 CO(3-2) emission at hand.
Following the formalism of Solomon & Barrett (1991), we derive the 12 CO(1-0) luminosities according to
with the integrated flux S CO ∆V ≡ S total in Jy km s −1 , the luminosity distance in D L in Mpc, the observed frequency ν obs in GHz, and L CO in K km s −1 pc 2 . To derive the gas masses that are defined by the 12 CO(1-0) transition, we first determine the global line (luminosity) ratios (see Table 5 ), i.e.,
, with the indices 1 and 2 denoting two different line transitions, from the 12 CO data from Bertram et al. (2007) , considering the weighted source sizes θ wgt-src and our cosmology. The line ratio maps in Fig. 3 , 6, and 9 are derived analogously to this formula. The 12 CO(2-1)/(1-0) line ratios of r 21 ≤ 0.65 indicates almost subthermal emission in all sources. For bar axis error of 1 and a deviation from f Gauss by 10 %, the ratio errors are about 0.15. Assuming the single dish fluxes to be completely determined by either the central Gaussian component or, highly unlikely, the bar, we obtain a range of r 21 = 0.45 − 1.00 and r 21 = 0.58 − 0.86 for HE 0433-1028 and HE 1108-2813, respectively. The 12 CO(3-2)/(1-0) line ratio of r 31 ∼ 1 for HE 1029-1831 was obtained from a line ratio map with PdBI data (see Section 3.3.2 and Fig. 6 for calculation and discussion) hinting at a thermalized 12 CO(3-2) transition.
The molecular gas masses (including Helium) are calculated using the 12 CO(X-Y)/(1-0) line ratio r X1 via
and yield (0.7 − 6.2) × 10 9 M . We cover the range of possible masses of the molecular gas using a conversion factor of α CO = 0.8M (K km s −1 pc 2 ) −1 ≡ α ULIRG , typically used for ULIRGs (Downes & Solomon 1998) , and α CO = 4.8M (K km s −1 pc 2 ) −1 ≡ α MW , typical for the Milky Way (Solomon & Barrett 1991). These factors are discussed in Sect. 5.4.
The difference in the masses of HE 1029-1831 is striking: Our 12 CO(3-2) data trace 41 % of the BIMA 12 CO(1-0) detected mass, 58 % of the PdBI 12 CO(1-0) mass, but 98 % of the PdBI 12 CO(2-1) mass, i.e., M CO(2-1) = 4.5 × 10 9 M (α CO = 4.8M (K km s −1 pc 2 ) −1 ), using the 12 CO(2-1) flux and the 12 CO(2-1)/(1-0) line ratio of ∼ 0.5 in Krips et al. (2007) . Missing flux and sensitivity might explain this discrepancy. Monje et al. (2011) observed with the CSO 10.4 m telescope a 12 CO(2-1) flux of ∼ 93 Jy km s −1 , suggesting 73 % of the flux to be resolved out by the PdBI. The corresponding mass is 18 × 10 9 M (α CO = 4.8M (K km s −1 pc 2 ) −1 ), i.e., 1.6 times M BIMA for a 12 CO(2-1)/(1-0) line ratio of ∼ 0.5. Assuming the CSO mass to be reliable the BIMA would have resolved out 40 % of the flux. In addition, 12 CO(3-2) traces the warmer and/or denser gas fraction, which is confined to the central region as suggested by the source extent compared to the whole galaxy (Fig. 7) . Hence, the deficit in traced mass can be explained by a mixture of excitation and spatial filtering effects.
Comparing the amount of molecular gas, local galaxies show masses around 10 8 − few 10 9 M (e.g., Helfer et al. 2003 ; Israel 2009), whereas intermediate redshift (z ∼ 0.1 -0.6) QSO hosts and ULIRGs have gas masses of few 10 8 − few 10 10 M ( Combes et al. 2011; Krips et al. 2012; Villar-Martín et al. 2013; Rodríguez et al. 2014) . find the masses for their submillimeter galaxies sample (z ∼ 2) to range within 10 10 − 10 11 M . The masses we obtained are rather large compared to local galaxies when using Galactic mass conversion and are rather small when comparing to intermediate redshift QSOs and using ULIRG mass conversion.
Morphology and kinematics
In this section, we discuss the following features per galaxy: the morphology in naturally and uniformly weighted data, the kinematics from the velocity image, velocity dispersion image and PV diagrams, the distribution of 13 CO and its luminosity line ratio with the 12 CO, or in the case of HE 1029-1831 the luminosity line ratio with 12 CO(2-1) and (1-0), and a comparison with optical or NIR data. Beam smearing, especially in combination with the inclination, most likely affects the measured velocity dispersions because one line of sight includes gas moving at different velocities, leading to a broadening of the observed line profile beyond the gas intrinsic dispersion. Therefore, the dispersion and also maybe the velocity information need to be treated with caution.
HE 0433-1028
Figure 2 shows that the molecular gas is confined to a compact boxy region of irregular shape hinting at a complex morphology. The structure is partly resolved, but the major fraction of emission is unresolved at the center. In the uniformly weighted image, the complex morphology becomes more evident, and shows a central component and two east and west of it.
The velocity field covers a range from -50 to 55 km s −1 and appears twisted toward the circumnuclear region. The central gradient is oriented at a PA = 48
• (from north to east), whereas the outskirts can be described by a PA ∼ 0
• . This twist in the isovelocity lines is indicative for a kinematically distinct feature, such as a secondary bar or an inclined nuclear disk. The dispersion peaks with σ v ∼ 55 km s −1 at the center. The region of high dispersion extends along the 0 km s −1 with a slight extension to the southwest, which coincides with a larger region of constant velocity (plateau). The edge of the emission region is likely to be noise contaminated.
The spatial distribution of velocities along an intermediate velocity gradient of PA ∼ 17
• reveals an ambiguous structure: On the one hand, it can be approached by one rigid-rotation component (assumed for our dynamical mass estimate). On the other hand, it could represent two components (x-shape), as indicated by the velocity field, i.e., a steeper gradient for the central component, centered on 0 offset and ranging from -100 to 100 km s −1 , and a smaller gradient, from -2.5 to 2.5 and -40 to 50 km s −1 , for the east and west components indicated in the uniformly weighted image. The PV cuts along the gradient of the center and outskirts did not provide a deeper insight. The minor axis PV cut (PA ∼ 107
• ) shows the same velocity range as the central velocity component in the x-shape case. Outliers at lower velocities stem from the edge of the emission region and are not reliable.
The 13 CO emission (Fig. 3) is contingently detected in the nuclear region. Its peak is slightly off-center (∼ 0.5 , i.e., < 0.5 × θ minor ) to the southeast, leaving a slight dip in emission in the center and there is more emission toward the east than the west.
Article number, page 6 of 21 Lydia Moser et al.: Molecular gas contents and conditions of star formation in three nearby Seyfert galaxies Fig. 2 . HE 0433-1028. Top panels: the integrated 12 CO(2-1) flux image for natural weighting (left) and uniform weighting (right) obtained for a velocity range from -100 to +100 km s −1 . The beam sizes are 3.9 × 1.6 and 2.35 , respectively. The contours are in steps of (2 (red), 4, 8, 16, 24, 32, 38) × 1σ rms-int (= 0.9 Jy beam −1 km s −1 ) and (2 (red), 4, 8, 12, 16, 20, 24 ) × 1σ rms-int (= 1.2 Jy beam −1 km s −1 ) , respectively. Middle panels: the corresponding isovelocity (left) and velocity dispersion image (right) for natural weighting. Black contours are in steps of 10 km s −1 from -50 to +50 km s −1 and from 10 to 50 km s −1 (additional contour at 53 km s −1 ), respectively. Gray contours show the naturally weighted integrated 12 CO(2-1) flux. Bottom panels: the position velocity diagrams along the major (PA = 17
• , left) and minor (PA = 107 • , right) axis.
Article number, page 7 of 21 A&A proofs: manuscript no. LMoser_QSOs_print Fig. 3 . HE 0433-1028. Top: the integrated 13 CO(2-1) flux image for natural weighting obtained for a velocity range from -75 to +75 km s −1 . Black contours are in steps of (2 (red), 2.5, 3, 4) × 1σ rms-int (= 0.8 Jy beam −1 km s −1 ). The beam size is 3.9 × 1.6 . Bottom: the 12 CO(2-1)/ 13 CO(2-1) luminosity ratio with black contours in steps of 2 from 4 to 18. Gray contours show the naturally weighted integrated 12 CO(2-1) flux as in Fig. 2 .
The 12 CO/ 13 CO line ratio is 20 on center, 10 in a radius of r ≤ 2 and 6 to the outskirts of the 12 CO emission in the east. We discuss the interpretation of these ratios later in Sect. 5.1.
To compare our data with the optical, we used a V-band (550nm) image (Fig. 4) obtained with the ESO-Danish 1.54 m telescope . This image suggests the bar is clumpy and has a strong AGN component. We subtracted a Gaussian component fit with the dominating central component from the original and then unsharp-masked the Gauss-subtracted image to enhance the contrast of the clumps in the bar and at the center. Two bright peaks, on opposing sides of the circumnuclear region, as well as bright bar tips and dust lanes that wind toward the nucleus, become visible. These features might indicate star formation sites in a circumnuclear ring or a secondary bar at PA = -37
• ± 5
• . The latter matches our findings in the velocity distribution when we compare with Athanassoula & Misiriotis (2002; Article number, page 8 of 21
Lydia Moser et al.: Molecular gas contents and conditions of star formation in three nearby Seyfert galaxies see their Fig. 11, middle panels) . A nuclear bar, misaligned with the global kinematic axes, seems to be slightly ahead of the twist in isovelocity contours in the center, in our case, ∼ 5
• . In an overlay with our uniformly weighted 12 CO data, the molecular gas extends from the center out to the dust lane in the primary bar. The dust lanes appear to be pointing to the two clumps east and west of the central component in the uniformly weighted 12 CO map (see also red scaled region in Fig. 2 , upper right panel), which are oriented at a PA = 74
• . These positions are also the location of plateaus in the naturally weighted (imaging) isovelocity map and local maxima in the dispersion (Fig. 2, middle) , indicating kinematics that are different from the central region. The extension in 12 CO from the center toward the southwest is likely to be part of the southern dust lane.
HE 1029-1831
The 12 CO(3-2) line emission (Fig. 5 ) traces warm and dense molecular gas in a compact region, i.e., within a radius five times smaller than the 12 CO(1-0) emission region observed by Krips et al. (2007) . The southern component detected by Krips et al. could not be verified, instead, we see a slight extension to the northwest (PA = -41
• ± 5 • ). Krips et al. (2007) find the 12 CO(1-0) and 12 CO(2-1) line emission to extend even along the primary bar and the 12 CO(2-1)/(1-0) line ratio of ∼ 0.5 suggests that most of the molecular gas is cold and subthermally excited. In uniform weighting the slight asymmetry in the central region toward northwest (PA = -44
• ± 5 • ) becomes more evident. In fact, the peak position is shifted by 0.4 (= 320 pc) toward the northwest, hinting at the presence of a second component apart from the central component.
The velocity ranges from -55 km s −1 to 70 km s −1 and the velocity gradient at the center is rather perpendicular to the primary bar, consistent with the study of Krips et al. (2007) . These authors find a PA = 90
• for the steepest velocity gradient, whereas we find PA = 115
• ± 20
• , but with high uncertainty because of the low SNR. According to their simulation, the velocity field can be explained best by a bar potential and the velocity gradient by a bar-driven inflow. The velocity dispersion is flat with σ v ∼ 50 km s −1 at the center, elongated along the 0 km s −1 -contour (23
• vs 24 • ) and the major axis, i.e,. the 12 CO(3-2) transition mainly traces the inner portion of the bulge.
The PV diagrams are consistent with previous measurements (Krips et al. 2007) . Along the minor axis (PA = 0
• ), the PV diagram shows a fast unresolved component with a velocity range of -100 to 100 km s −1 . Along the major axis (PA = 90 • ), the velocities follow a steep slope and a possible x-shape is indicated, with a steep component at offset 0 ranging between -100 to 100 km s −1 , and a shallower one from -1.5 and -60 km s −1 to 1.5 and 60 km s −1 . Hence, the presence of a kinematically distinct feature in the circumnuclear region cannot be ruled out.
HCO + (4-3) emission was not detected, therefore, we can only give a 3σ upper limit for the total flux. With an rms in a 20 km s −1 channel of 33 mJy beam −1 and the line width of 150 km s −1 , similar to the 13 CO (2-1) emission line width for the other sources, we obtain 5.3 Jy beam −1 km s −1 as an upper limit. We estimate a 12 CO(3-2)/HCO + (4-3) luminosity ratio at the peak position of 16 as a lower limit.
To obtain line ratios for the nuclear region with the PdBI 12 CO (1-0) and (2-1) data of Krips et al. (2007) , we truncated both data sets to a common uv range of 14 -120 kλ (15 -1.7 ), i.e., the uv range of the SMA data so that the spatial scales considered are the same for all data sets. We used a circular restoring beam size set to the major axis length of the lower transition's beam. The 12 CO (1-0) image was uniformly weighted to achieve a higher resolution, i.e., 3.1 in comparison to natural weighting with 3.5 . This might have introduced a bias, but no significant difference between the two approaches are found. The resulting ratio images are shown in Fig. 6 . The 12 CO(3-2)/(1-0) line ratio is ∼ 1 in the center, 1.4 in the eastern and western regions of emission, and 0.6 in the northern and southern outskirts of emission. For the 12 CO(3-2)/(2-1) line ratio, we find a value of ∼ 2 in the center, 1.6 east and west, and 0.6 north and south of the center. As a test we also verified the 12 CO(2-1)/(1-0) ratio at 3.1 , which is still consistent with Krips et al. (2007) when we keep beam smearing in mind. As a result of the large beam size, we obtained rather average values, which are mainly significant in the central beam area. The line ratios are discussed in Sect. 5.3.
An overlay of the naturally weighted image onto a SINFONI image of the Paα emission and equivalent width shows that the warm and dense gas emission is dominated by the circumnuclear star formation ring (Fig. 7) . The asymmetry to the northwest is caused by star formation/ionized gas clumps along the northern spiral arm. In the uniformly weighted map, these features make the emission peak even shift from the ring center toward them.
HE 1108-2813
The molecular gas extends along the primary bar and its distribution points to a spiral arm pattern within the bar (Fig. 8) . The strong nuclear component with PA = -9
• cannot have a circular source shape since the beam is oriented at PA = -17
• ± 1
• , i.e., there must be a noncircular component at a larger PA. This pattern becomes visible best in the uniform weighting of the uv data. In addition, we see a nuclear component elongated along a PA = 20
• ± 10
• . Toward the tips of the bar the emission increases to secondary maxima and extends at the southern tip into the major spiral arm.
The velocity field shows a torsion of the isovelocity lines in the central region. Similar to the case of HE 0433-1028, we interpret this as an indication of a kinematically different feature in the center, e.g., a nested bar or nuclear spiral/disk. The velocity dispersion peaks in the center, as expected for the turbulent motion in a galactic bulge, and has dispersions around σ v ∼ 50 -60 km s −1 . The velocity dispersion shows an elongation along PA = -31
• . There is also some enhanced dispersion, i.e., σ v ∼ 20 -25 km s −1 , observable in the primary bar. These are turbulent regions, i.e., the shock fronts of the leading edges of the bar as already indicated in the total flux image.
The distribution of velocities along the major axis clearly shows an x-shape. The diagonal part from about -6 to 7 and -100 to 80 km s −1 can be associated with the rotation curve of a disk. The vertical part around 0 offset and -125 to 120 km s −1 represents an unresolved and kinematically decoupled nuclear component. The minor axis PV cut strongly resembles the vertical component along the major axis, hinting at the same origin. The (projected) velocities in the circumnuclear region exceed the disk velocities. However, flux in the outskirts of the bar/disk might not have been detected for sensitivity reasons and the nuclear component might have an inclination that is different from the bar/disk. The 13 CO emission (Fig. 9 ) is tentatively detected in the nuclear region and peaks slightly off-center by ∼ 0.7 (i.e., < 0.23 × θ minor ) toward the southwest. The 12 CO/ 13 CO line ratio is 20 at the 13 CO peak, 25 at the 12 CO peak, and goes down to 5 toward the outskirts of the 13 CO emission, i.e., r ∼ 2 , especially east of A&A proofs: manuscript no. LMoser_QSOs_print The AGN in the HST F606W image ) is strong enough to outshine the nuclear region and saturate the point spread function (PSF). We removed a scaled and truncated PSF, which was generated for the pixel positions of the AGN region by the Tiny Tim software (Krist et al. 2011) , to improve the image fidelity. We adjusted the flux of the PSF according to the difference of the flux levels of the diffraction spikes and the background and clipped the peak at a value corresponding to the difference of the maximum counts and the background emission of the circumnuclear region. With this approach, we sufficiently reduced the diffraction spikes. However, there is obviously an asymmetry in the PSF visible as negative spikes along the diagonals of the image. The unsharp masked version of this image in Fig. 10 reveals manifold details on the morphology. The primary bar appears as clumpy bright two-armed spiral containing luminous star formation regions. Embedded inside are dust lanes that wind off-center toward the nuclear region and connect to it. These shock zones at the bar leading edges are also outlined by several star formation spots. The circumnuclear region contains bright star-forming regions appearing to form a ring-like structure that could most likely be the inner Lindblad resonance.
We find two possible ring shapes indicated by the solid and dashed lines in Fig. 10 , which match the constellation of the starforming region. The solid circle has a size of 2.0 × 2.2 , i.e., 0.97 kpc × 1.07 kpc, and is centered on the AGN. The dashed circle is marginally larger (2.2 × 2.4 , i.e., 1.07 kpc × 1.16 kpc) and slightly offset from the AGN by ∼ 100 pc, i.e., ∆α = 0.14 , ∆δ = -0.14 . The diameter of about 1 kpc corresponds well to the minor axis d FHWM = 0.8 kpc of the fitted Gaussian component. Because of the proximity of the eastern and western star-forming clusters to the spiral arms and the devoid region in the south, the star formation regions seem to follow the "string of pearls" model. This model proposes that the clusters form in a very short-lived starburst when the gas passes the overdensity region in the ring. These are typically located around the connection points, i.e., x 1 -x 2 -orbit intersection region, where the gas streams from the bar spiral arm to the circumnuclear ring (see, e.g., Fig. 15 in Regan & Teuben 2003) . However, to finally confirm or rule out this model, the age gradient of the cluster populations along the ring needs to be investigated. The clusters are expected to be youngest at the overdensities, and then sequentially older along the inflow direction from the spiral arm (see, e.g., Böker et al. 2008) .
As an alternative scenario, the two bright star formation regions in the ring could not perfectly mark the aligned tips of a possible nuclear bar at a PA = -37
• ± 10 • , corresponding to the central velocity dispersion field. Further inward from the circumnuclear ring, the HST image is not reliable because of the problematic PSF subtraction.
An overlay with the 12 CO emission shows that the dust lanes correspond well to the 12 CO spiral arm pattern within the bar and that the 12 CO emission extends even into the southern galactic spiral arm. Overlaying the uniformly weighted map outlines the dust lanes even better. The overdensities nearby/around the intersection region become visible in, e.g., the 13 CO(2-1) emission, where the gas is cold and dense enough. In the central region, the ISM might be too hot and/or dense to excite the 13 CO(2-1) transition (compare Hüttemeister et al. 2000) .
A note on the kinematics
All three galaxies show signs of an unresolved kinematically distinct component in the center. This is not unusual for Seyfert galaxies; e.g., Dumas et al. (2007) find, in a sample of matched active-inactive galaxy pairs, that the gas velocity fields at small radii (r < 500 pc) are more disturbed in Seyfert than in inactive galaxies. The deviations from axial symmetry range from wiggles along the gas kinematic minor axis to a high misalignment of the kinematic major axes of gas and stars where the latter is only found in Seyfert galaxies. This indicates a close relation between the central kinematics and the feeding of the SMBH. Similarly, Falcón-Barroso et al. (2006) and Hicks et al. (2013) find central drops in gas/stellar velocity dispersion to occur with intense star formation in the same place and a high concentration of gas (r 500 pc). All these features can be interpreted as a dynamically cold (compared to the bulge) nuclear structure (e.g., a disk) and appear to be crucial for the star formation and AGN activity.
Dynamical mass
We estimate the dynamical masses following Lequeux (1983) , i.e.,
with the radius R of the enclosed mass in kpc, the projected velocity v(R) in km s −1 , i the inclination of the galaxy, and M dyn in M . The factor α M depends on the disk geometry model, 1 for spheroidal, 0.6 for flat. We adopted an intermediate value of 0.8. The assessed distances and corresponding velocities from the PV diagrams, inclinations and masses are given in Table 7 . The inclinations are calculated from the major and minor axis diameters according to Hubble (1926) (see also van den Bergh 1988) . We obtain dynamical masses of (1.5 − 6.7) × 10 9 M .
The ULIRG conversion factor derived gas masses make up 10 -50% of the dynamical mass, and for Galactic conversion the gas mass exceeds the dynamical mass by a factor of 0.8 -3.0.
In fact, the dynamical masses derived from our data are likely to be underestimated or not accurate. Firstly, except for HE 1108-2813, the data gives no hints on whether the turn-over point from solid body rotation to flat rotation has been detected or not. It is very likely that a significant amount of emission at higher velocities, i.e., outside the FWZI range, and larger distances is below a 1 − 2σ level. While the effect on the 12 CO luminosity is marginal, it makes a considerable difference in the dynamical mass. Uncertainties of, e.g., 25% in the distance and 13% in the velocity result in a ∼ 30%-error for the dynamical mass (HE 1029-1831). Secondly, the inclination is based on the assumption that the visible luminosity distribution, which the major and minor axes are obtained from, is perfectly circular. Therefore, our used inclinations are not exact. For comparison we also derive inclinations necessary for the gas masses to correspond to 10% (Young & Scoville 1991) of the dynamical masses. For a ULIRG conversion factor, we find inclinations of 21 -38
• , and for the Galactic conversion factor, the galaxies are virtually face on (see Table 7 ).
If we assume the dynamical mass to be on the order of the bulge mass, we can use the black hole mass -bulge mass correlation to estimate the dynamical masses. The masses of the black holes are on the order of M BH ∼ 10 7−8 M , therefore the dynamical/bulge masses must be on the order of M dyn ∼ (0.3 − 5.6) × 10 10 M (Sani et al. 2011; Kormendy & Ho 2013). The bulge masses for HE 1029-1831 and HE 0433-1028 obtained from these relations (Table 7) are 2.5 and 5 times larger than the gas dynamical values, while the 30% lower value for HE 1108-2813 is still within the error range of the gas dynamical mass. Recently, obtained a dynamical mass of M dyn = 6 × 10 9 M for HE 1029-1831 based on stellar velocity dispersion. This value is four times larger than that yielded from our data. However, the molecular gas still makes up more than 43 % of the bulge masses in the case of a Galactic conversion factor α MW . This may imply that the assumption of self-gravitating giant molecular clouds (GMCs) does not hold for these galaxies (see Sect. 5). 
Object
Radius
HE 0433-1028 1.0 ± 0.3 0.7 ± 0.2 100 ± 10 42 3.0 ± 0.8 0.3 -2.1 21 -8 14.5 HE 1029-1831 1.0 ± 0.3 0.8 ± 0.2 80 ± 10 53 1.5 ± 0.4 0.5 -3.0 21 -8 3.7 HE 1108-2813 6.0 ± 1.0 2.9 ± 0.5 80 ± 20 46 6.7 ± 2.0 0.1 -0.8 38 -15 4.7
(1) Inclination based on major and minor axis values taken from NASA/IPAC Extragalactic Database (NED), (2) range given by ULIRG and Galactic mass conversion factor, (3) bulge mass; average of the results of the M BH -M bulge relations given in Sani et al. (2011) and Kormendy & Ho (2013) , derived from the average of the black hole mass range limits given in Table 1 . 
HE 0433-1028 4.1 (220 GHz) 2.2 ± 0.1 1.1 ± 0.1 58 ± 1 38 ± 1 1.5 ± 0.1 4.4 ± 0.6 2.3 -14.1 HE 1029-1831 11.1 (330 GHz) 2.0 ± 0.3 1.3 ± 0.2 58 ± 3 36 ± 3 1.7 ± 0.1 4.2 ± 0.6 1.8 -10.7 HE 1108-2813 2.7 (220 GHz) 0.9 ± 0.1 0.6 ± 0.1 56 ± 2 35 ± 2 1.9 ± 0.1 1.6 ± 0.2 5.6 -33.5
(1) Range given by ULIRG and Galactic mass conversion factor. 
Continuum emission and dust properties
No continuum emission at 220 GHz and 330 GHz, respectively, was detected. Therefore, we give 3σ upper limits determined from the line-free channels, i.e., excluding the range of −200 km s −1 -+200 km s −1 around the emission lines (see Table 8 ). To estimate dust masses and temperatures, we used the far-IR (FIR) spectral energy distribution (SED) fitting technique of Casey (2012). Publicly available as IDL code, this method fits a combination of a modified single-temperature graybody component for the FIR (> 50 µm) and a power-law component for the mid-IR (MIR) (< 50 µm) to data sets with at least three FIR photometric measurements. The first component emerges from cold dust heated by the starburst emission of the entire galaxy. The second component accounts for hot dust heated by an AGN, or dense, hot starburst regions, and can be envisaged as the sum of several graybodies at different temperatures.
The data available for each galaxy comprise six AKARI and four IRAS measurements, and in the case of HE 0433-1028, additional four ISO measurements. We used the SMA continuum upper limits as sub-mm data points to give the sub-mm slope a rough lower limit. The fits are shown in Figure 11 and the results are listed in Table 8 .
From the fits, we obtain IR (8-1000 µm) luminosities on the order of 10 11 L classifying two of the galaxies as LIRGs. HE 1108-2813 is slightly below the LIRG limit. Luminosities based on the IRAS fluxes (Table 1) are larger by a factor of 1.3. The FIR luminosities from both methods are consistent when omitting the extrapolation factor for the IRAS based method (Sanders & Mirabel 1996) . This is not surprising since the IRAS based method estimates the luminosity via a template of a sample averaged SED, whereas the SED fit takes individual slopes of the SED on both sides of the peak into account. The intrinsic dust temperatures of the galaxies are in the range of T fit = 55 -59 K. From this to be distinguished are the peak dust temperatures T peak = 35 -38 K obtained from Wien's displacement law under the assumption of a single blackbody. Since this temperature is determined by the peak wavelength that is more or less covered by the IRAS and ISO fluxes, it does not differ much between fitting techniques and is comparable to results from established methods of dust temperature estimation. The dust emissivity β covers typical values of 1.5 − 1.9 (Casey 2012; and references therein).
Extrapolating the flux to 850 µm and assuming a dust absorption coefficient of κ = 0.15 m 2 kg −1 (Weingartner & Draine 2001), we obtain upper limits for the dust masses of M dust = (1.6 -4.4) × 10 6 M . Fitting without the sub-mm data gives even lower dust masses. The ratio between our gas and dust masses corresponds to 1.8 -5.6 times the standard ratio of 100 for ULIRG typical luminosity-mass conversion and 11 -34 for Galactic conversion. Typically, (U)LIRGs are found to have a gas-to-dust mass ratio of 200 -350 (Sanders et al. 1991; Contini & Contini 2003; Seaquist et al. 2004; . This implies that the molecular gas in these three galaxies might be better characterized by a ULIRG typical luminosity-mass conversion and a ULIRG typical gas-to-dust mass ratio.
However, since only one data point (upper limit) longward of ∼ 200 µm is available, the dust mass estimates comprise several uncertainties. Moreover, this sub-mm interferometric data point only traces emission over a limited range of spatial scales, Fig. 11 . SED fits to the IRAS (red diamonds), AKARI (blue triangles), and ISO data (green squares, only for HE 0433-1028 available) for each source to constrain the properties of the dominating dust component. This SED fitting technique described by Casey (2012) uses a single dust temperature graybody component (gray dashed line) and a MIR power-law component (gray dotted line) to account for the warmer dust emission, i.e., a superposition of several graybodies at different temperatures. The resulting fit curve is depicted as solid black line. The white diamonds represent the SMA upper flux limits, which have been used in the fit.
whereas the MIR/FIR data trace the total flux. For example, found, for a sample of galaxies at similar redshift range and spatial resolution, that 50% of the continuum flux can be missed by the interferometer. Obviously, a significant fraction of the sub-mm dust emission extends to moderately large spatial scales. Doubling our sub-mm fluxes yields dust masses that are roughly twice as large. Apart from the unknown emissivity, it is unclear whether there is only a single dominating cold blackbody component and whether it is traced reliably by the MIR/FIR fluxes. It is possible that a significant amount of FIR-to-sub-mm flux has been missed or overestimated in the interpolation. In addition, the dust mass also depends on the dust absorption coefficient applied.
Star formation properties
In order to assess the star formation activity, we calculate the star formation rate (SFR) from L IR (Table 8 ) using the calibration of 3.99 × 10 −37 M yr et al. (2003) . We obtain S FR IR ∼ 30 M yr −1 for the two more IR-luminous galaxies and S FR IR = 14 M yr −1 for HE 1108-2813 (see Table 9 ). Tracing the S FR via the FIR emission assumes that young stars dominate the heating of interstellar dust and that the dust is optically thick. This only holds for starburst galaxies and dusty nuclear starbursts (Panuzzo et al. 2003) . In normal galaxies, not all UV/visible emission from the young stars is absorbed by the dust and a cooler diffuse dust component adds to the FIR spectrum. This IR cirrus emission is attributed to more extended dust heated by the general stellar radiation field which, in the case of early-type galaxies, constrains a significant contribution of visible radiation from older stellar populations (Kennicutt 1998a). In addition, FIR emission from an AGN can also skew the FIR-SFR relation.
We also calculate the radio-SFR based on the 1.4 GHz fluxes listed on the NASA/IPAC Extragalactic Database (NED) and using the calibration of 6.35 × 10 −22 M yr −1 W −1 Hz from Murphy et al. (2011) . Again a certain AGN contribution to the flux cannot be ruled out (Serjeant et al. 2002) . As a result, the S FR 1.4 GHz are consistent with the S FR IR within 1 M yr −1 except for the one for HE 1029-1831, which is 6 M yr −1 lower than S FR IR . Busch et al. (private communication) obtained a SFR of ∼ 7 M yr −1 for HE 1029-1831 based on Brγ emission within a radius r < 1 . This value is still compatible with ours when we consider the different mean ages of the stellar populations that are contributing to the emission in the wavelength regime probed. While ionized hydrogen emission is thought to be dominated by stars younger than 10 Myr on average, the FIR emission traces age ranges up to 100 Myr (Kennicutt & Evans 2012) . However, the SFR seems to be on the order of a few 10 M yr −1 for all three sources. Given the S FR 1.4 GHz , their current molecular gas reservoirs last for 30 -420 Myr, depending on the conversion factor and neglecting gas recycling. As a current mass reservoir, we used the values obtained from our SMA observation. Using masses based on the IRAM 30m and BIMA fluxes (Bertram et al. 2007; Krips et al. 2007 ), our adopted cosmology and mass conversion factors, we find 70 -490 Myr for each of the three galaxies.
In considering the mass and S FR 1.4 GHz per unit area, we have no information other than the sizes of the Gaussian components fitted to the central component of the 12 CO emission. As a conservative upper limit, we use 3 × d FWHM 1,2 (Table 6) of the 12 CO Gaussian for the size of the 12 CO and the FIR emission. This yields a molecular gas mass surface density of ∼ 50 -550 M pc −2 , regarding the fraction of gas contained in this Gaussian (Table 6 ) and a SFR surface density of 1.1 -3.1 M kpc −2 yr −1 . Assuming a size of only one d FWHM 1,2 in diameter, the values increase by a factor of 9. The above mentioned Brγ-SFR for HE 1029-1831 corresponds to a SFR surface density of 3.6 M kpc −2 yr −1 matching out result. According the overview given in Kennicutt (1998a) , the central regions of our galaxies fulfill the criterions of a circumnuclear starburst with SFR time scales τ SFR 1 Gyr, a gas surface density Σ mol 100 M pc −2 , and a SFR surface density Σ SFR 1 M kpc −2 yr −1 . Indeed, rescaled to a surface diameter of 2 × d FWHM 1,2 as a compromise between the size extremes and to the conversion factors of the comparison samples, our three galaxies lie in the middle of the starburst sample of Kennicutt (1998b) and in a transition region between the star-forming galaxies (SFG) and sub-millimeter galaxies (SMG) by Genzel et al. (2010) at z = 1 -2.5 and z = 1 -3.5, respectively.
The calculated depletion times in Table 9 are based on the assumption of the same surface for molecular gas and star-forming region. This yields log τ SFR = 8.1 -8.4 for α CO = 3.2 M (K km s −1 pc 2 ) −1 . With log sS FR = -(8.8 -8.1) (sS FR = S FR/M ) assuming the stellar mass M to correspond to 90 % M dyn for HE 1108-2813 and 90 % M dyn (bulge) for the other two sources (see Table 7 ), this puts them in the middle of the transition region from LIRG to ULIRG and SFG (z > 1) to SMG (z > 2) in Saintonge et al. (2011; Fig. 9) . Using an α CO ULIRG = 1 M (K km s −1 pc 2 ) −1 as in Saintonge et al. (2011; Fig. 9 ) shifts them 0.5 dex down, away from the high-z SFG and right into the ULIRG and SMG regime.
Nevertheless, the extreme case of the surface diameter for one quantity to be as much as three times the surface diameter of the other (i.e., gas mass and SFR) results in a maximum variation of the depletion time of ∼ 1 dex. Within this range theses quantities cover the local/distant normal star-forming galaxies regime with τ SFR 1 Gyr as well as the (U)LIRG/starburst regime with τ SFR 0.1 Gyr.
Since these three galaxies belong to the most luminous of our CO-tested subsample, they are not necessarily representative of the whole sample. In fact, we have shown in Bertram et al. (2007) , via a L FIR vs. L CO plot, that the LLQSOs from our CO-tested subsample occupy the transition region from Seyfert galaxies to LIRGs/QSOs rather than the regime of nearby galaxies. The latter corresponds to samples such as that found in Bigiel et al. (2008) . The LLQSOs appear to be shifted by 1 dex to higher L FIR compared to the nearby galaxies. Consequently, LLQSOs and nearby galaxies cannot be described by the same linear relation. In Moser et al. (2012;  comparison of LLQSOs, referred to as HE sources, NUclei of GAlaxies (NUGA), and Palomar-Green QSO sources) one can see that M H2 is distributed around similar values for all three samples, while L IR and L FIR show a much steeper slope with redshift. Obviously ,the star formation efficiency rises with redshift for these three samples.
Properties of the interstellar matter
All three galaxies show a 12 CO(2-1)/(1-0) ratio of r 21 ∼ 0.5. The 12 CO/ 13 CO(2-1) ratio, measured for two of the galaxies, is R 21 20 on the nucleus. For the other galaxy, we observed the 12 CO(3-2)/(1-0) and 12 CO(3-2)/(2-1) ratio with values of r 31 ∼ 1 and r 32 ∼ 2. For the 12 CO(3-2)/HCO + (4-3) ratio in the same galaxy, we can give a lower limit of 16.
5.1.
12 CO/ 13 CO(2-1) ratio
The 12 CO/ 13 CO(1-0) ratio in the Milky Way is R 10 ∼ 5 − 8. The lower value is typical for cool GMCs (T k ≤ 20 K) and increases toward the center of our galaxy (Solomon et al. 1979; Polk et al. 1988; Oka et al. 1998; and ref. therein) .The ratio reaches R 10 , R 21 ∼ 10 in the centers of local spirals (Sawada et al. 2001; Meier et al. 2000; Mao et al. 2000; Sakamoto et al. 2006 Sakamoto et al. , 2007 and ref. therein) and nearby bright IR galaxies (Tan et al. 2011 ). An R 10 ∼ 10 − 15 is typical in inner regions of normal starburst galaxies (Aalto 2007) . Ratios of R 10 > 20 have only been observed in a few luminous mergers (e.g. Aalto et al. 1991; Casoli et al. 1992; Aalto et al. 2010; Costagliola et al. 2011) , with extreme ratios of R 10 ∼ 40 (e.g., Hüttemeister et al. 2000) . The ratios of 12 CO/ 13 CO in the (1-0) and (2-1) transition behave similarly, depending on the excitation state (Papadopoulos et al. 2012b) . The change in the line ratio from Milky Way to mergers reflects a crucial change in the ISM properties from a quiescent GMC typical gas state to a turbulent hot gas state.
In order to yield a high line ratio, the optical depth τ of the 12 CO line emission needs to be moderate or at least significantly larger than the optical depth of the 13 CO line emission. One efficient way to achieve this is a temperature gradient. Since the intensity of the 13 CO line is a steeper function of the excitation temperature than the 12 CO intensity, τ12 CO /τ13 CO , and also, R 21 , increase with temperature (i.e., radiative trapping; Goto et al. 2003) .
Another important impact on the opacity is the gas dynamics. In diffuse, gravitationally unbound molecular gas, produced by cloud collisions in the deep potential well and differential rotation, by tidal disruption, or stellar winds, the turbulence broadens the 12 CO line and yields a larger velocity gradient. In combination with low density (n H 2 ≤ 10 3 cm −3 ), this reduces the optical depth considerably and the diffuse gas is difficult to detect in 13 CO (Hüttemeister et al. 2000; Sakamoto et al. 2007; Costagliola et al. 2011) .
Apart from opacity considerations, but related to the diffuse gas component, beam filling influences the line ratio as well. A large line ratio can be explained by 13 CO tracing the dense cloud core, which is surrounded by a less dense / diffuse envelope only detectable in 12 CO (Sakamoto et al. 2007 ). All in all, high R 10 and R 21 line ratios can be explained by a combination of emission from a warm (and moderately dense) and a diffuse gas component (Aalto et al. 1995; Paglione et al. 2001; Aalto 2007; Bolatto et al. 2013) . This is very likely the case in galactic nuclei where the GMCs are expected to be warmer and more turbulent (Hüttemeister et al. 2000; Paglione et al. 2001; Costagliola et al. 2011 ).
For our two galaxies with 13 CO(2-1) observation, we can interpret the conditions of the ISM as follows. In both galaxies, the peak in 13 CO(2-1) emission is single-sided and slightly offcenter from the 12 CO(2-1) peak. Their locations seem to be in the vicinity of the overdensity zone where the spiral arm/dust lane in the bar connects to the circumnuclear region. Therefore, their presence could be related to a pile-up of gas near the intersection of the x 1 and x 2 orbits: the densities along the shock front of the bar spiral arms increase toward the center. Their maxima near the x 1 -x 2 intersection form a bar-like, double-peaked structure that is perpendicular to the primary bar and observable in 12 CO (Kenney et al. 1992; Kohno et al. 1999 ) and higher density tracers (see cartoons in Meier & Turner 2005 , 2012 . So there seems to be a sufficiently large region of nondiffuse, moderately dense gas in the vicinity of the x 1 -x 2 orbit-crowding regions so that the 13 CO emission becomes detectable on our sensitivity level and beam size (beam filling). The asymmetry in the emission might be due to a difference in excitation or filling factor between the two arms (see cartoons in Meier & Turner 2005) . The 12 CO/ 13 CO(1-0) ratio in HE 0433-1028 reaches a Galactic value of R 21 ∼ 7 in the 13 CO peak and R 21 ∼ 12 in the region opposite so faint in low-J 12 CO emission that the global 12 CO SLED is dominated by the central starburst (Papadopoulos et al. 2012a ).
Spatially resolved low-J 12 CO and 13 CO lines and dust continuum emission help to track the ISM properties and the α CO gradient also in order to separate the cold gas from the central star-forming gas component. In our low-resolution data of HE 0433-1028 and HE 1108-2813, the star formation region and the cold disk are vaguely indicated by the 12 CO/ 13 CO line ratio distribution. Thus, we can conclude that the center is described by a rather low, starburst/ULIRG-like α CO , whereas the material in the primary bar is characterized by a higher, Milky Way (MW) like α CO . Assuming 20% of the 12 CO luminosity resides in the primary bar with α CO MW = 4.8 M (K km s −1 pc 2 ) −1 and 80% in the central region (results of the Gaussian component for HE 1108-2813; Table 6 ) with α CO ULIRG = 0.8 M (K km s −1 pc 2 ) −1 , we obtain a global value of α CO = 2 α CO ULIRG = 1.6 M (K km s −1 pc 2 ) −1 . Aside from the 12 CO/ 13 CO ratio, the importance of diffuse gas in our observed galaxies is also implied by the lower FWZI compared to the single dish observations, which is consistent with results from Caldú-Primo et al. (2015) , where the interferometric line widths are 20 -40 % less than the single dish widths. This can either hint at diffuse gas with a high velocity dispersion, which seems to be similar to that of the H i disk (Caldú-Primo et al. 2013 ), or at large regular structure of small molecular clouds separated by less than a beam size with the high dispersion representing the cloud-cloud motion. In both cases, the corresponding emission would be resolved out, when the overall extent is larger than the maximum angular scale detectable by the interferometer.
Summary and conclusions
We have observed three galaxies from the LLQSO sample with the SMA in Hawaii with a resolution of 1.5 -4.5 . HE 0433-1028 and HE 1108-2813 were observed in 12 CO(2-1) and 13 CO(2-1), and HE 1029-1831 in 12 CO(3-2) and HCO + (4-3). In the following we summarize the results and conclusions:
• Morphology: In all three galaxies, the bulk of the detected molecular gas, i.e., > 80%, is confined to a region with < 1.8 kpc in diameter (i.e., the FWHM of the Gaussian component fit to the central bulk of emission). The gas partly extends along the primary bar and is not detected beyond the bar edges at our sensitivity level. In HE 1108-2813, the 12 CO(2-1) emission traces the full bar including the spiral arms within it. The central emission bulk appears in all three galaxies to be extended toward the incoming dust lanes at the leading edges of the bar, implying an accumulation of inflowing gas and dust near or at the connection points, i.e., the x 1 and x 2 orbit intersections. This is supported by the tentative detection of 13 CO in these locations. HCO + (4-3) has not been detected in HE 1029-1831.
• Kinematics: Along the gradient, the velocities show a steep slope with indications for an unresolved central component reaching velocities ≥ 100 km s −1 , which could be the same feature seen perpendicular to the velocity gradient. In HE 1108-2813 only, the sensitivity is sufficient to outline the rotation curve to the bar tips. The prominent x-shape is evident for a kinematically decoupled component in the center, such as a nuclear disk.
• Masses: We obtain dynamical masses of M dyn = (1.5−6.7)× 10 9 M . The mass range of the detected molecular gas is M mol = (0.7 − 6.2) × 10 9 M and corresponds to 10 − 50 % M dyn , for ULIRG mass conversion factor, and 80 − 300 % M dyn , for Milky Way mass conversion factor. However, the significance of M dyn is diluted by a low SNR and low accuracy of the inclination. For HE 1108-2813 only, we obtain M mol < M dyn , which is the least criterion that should be fulfilled. The dust mass is constrained by an upper limit of M dust = (1.6 -4.4) × 10 6 M . This yields a gas-to-dust ratio of M mol /M dust = 180 -350 (ULIRG conversion factor) and 1100 -3400 (Milky Way conversion factor).
• Star formation: We derive star formation rates of S FR = 14 -33 M yr −1 , resulting in upper limit consumption timescales of τ SFR = 70 -490 Myr. Together with minimum gas mass surface densities of Σ mol = 50 -550 M pc −2 and SFR surface densities of Σ SFR = 1.1 -3.1 M kpc −2 yr −1 , the three galaxies can be expected to harbor a circumnuclear starburst.
• Excitation:
13 CO is found next to the x 1 and x 2 intersection overdensities as expected. Brightness asymmetries can be caused by excitation differences and/or beam filling. The 12 CO/ 13 CO(2-1)-ratio in the 13 CO peak of HE 0433-1028 is R 21 ∼ 7, which is typical for the Milky Way. The ratio rises to R 21 ∼ 20 at the nucleus as a result of higher temperatures and stronger turbulence, which is often seen toward starbursts. The trend in the line ratio is the same for HE 1108-2813, but starts on a higher level with R 21 ∼ 20 at the 13 CO peak and R 21 ∼ 25 in the nucleus. The gas is even more diffuse/hot elsewhere (R 21 30). Toward the bar edges the ratio reduces to Galactic values. HCO + (4-3) was not detected, most likely due to a lack of sensitivity. The 12 CO(3-2)/(1-0)-ratio of r 31 ∼ 1 seen in HE 1029-1831 is typical for enhanced central star formation in the inner kiloparsecs of galaxies and for starburst galaxies. As a striking result, the decreasing sequence of line ratios, expected for a single ISM phase, reverses, i.e., r 32 ∼ 2, r 21 ∼ 0.5. Obviously, a second higher excited phase is present apart from the cold or diffuse gas phase implied by r 21 . Putting the information from all three galaxies together the following picture emerges. All three galaxies have a low r 21 0.65, which could be either attributed to cold virialized or diffuse nonvirialized gas. In two galaxies, we found evidence for a diffuse gas phase interpretation. Since all three galaxies are strong and similar in FIR emission, we can expect their L CO(3-2) to be similar (L FIR -L CO(3-2) -correlation) as well as their central r 31 and r 32 (because of similar L CO(1-0) ). Conversely, we expect HE 1029-1831 rather to show high R 21 and R 10 , i.e., the presence of a diffuse gas state. As long as there is not more information on the gas excitation, the mass-to-luminosity ratio α CO is highly vague. Since it anticorrelates with the 12 CO/ 13 CO(2-1)-ratio, our maps track spatial variations of α CO . Regions with high R 21 imply a low ULIRG-typical α CO . A large fraction of the gas is confined to these regions, therefore, the average α CO for the galaxies might be in between ULIRG-and Milky Way-like values. The dynamical and dust masses appear to support a low conversion factor. Nevertheless, there is the possibility that a potential large cold gas reservoir is simply outshone by the central starburst.
Our interferometric data allow us a first insight into the distribution of the molecular gas, its kinematics, and its excitation state in these three galaxies. This study demonstrates nicely the wealth of information on nearby (z ∼ 0.01 -0.06) galaxies, which can already be obtained at medium spatial resolutions, i.e., 0.5 -1 kpc-scales. These observations provide important parameters
